Abstract-This paper presents a control scheme that utilizes energy storage of the Modular Multilevel Converter (MMC) for Power Oscillation Damping (POD) service. Such a service is used to enhance grid stability by providing damping power in the electromechanical (0.2-2Hz) dynamics range. The scheme uses compensated modulation with average energy control. The aforementioned service comes at the cost of additional energy storage requirement for the MMC. A worst case estimate of this additional capacity, together with potential options to obtain it, is also addressed in this paper. The scheme is validated by simulation studies on a four terminal HVDC test grid.
I. INTRODUCTION
Power Oscillation Damping (POD) is one of the ancillary services that can be provided by a voltage sourced converter in a power system. It is a service that improves damping of electromechanical oscillations (typically 0.2 − 2 Hz) in an ac grid by injecting a damping power. VSC-HVDC converter can achieve POD by modulating either active or reactive powers [1] , [2] . It was found in [2] that active power modulation gives more robust performance regarding ac voltage variations. However, a side effect of using active power is that the oscillation is exported to the dc side since active power is balanced instantaneously. Ref. [3] addressed this issue by coordinating the POD service between two terminals in such a way that their contributions cancel on the dc side. A better alternative solution is to prevent the oscillation from entering the dc side by using solutions that involve energy storage. The challenge with such solutions is that energy storage technology is relatively expensive and not well-developed for HVDC applications. Fortunately, the Modular Multilevel Converter (MMC), which is the most widely accepted VSC topology, has energy storage capability distributed in its Sub-Modules (SM). This paper proposes a control scheme that will make energy storage of the MMC available for POD. Existing work on POD using MMC [4] focuses on the design of the POD controller and not on the utilization of MMC energy storage. The proposed scheme is based on a closed loop control of the average arm energy of the MMC using compensated modulation as proposed in [5] . It requires an increase in the energy storage capacity such that the POD service can be provided without affecting normal operation. Sizing considerations for the of additional storage are also addressed in this paper. The remainder of this paper is organized as follows. Section II deals with the modeling approach, followed by the control structure in Section IV. Then, the proposed controller is described in Section V. The extra energy storage requirement is treated in Section VI. Simulation results are presented in Section VII. Finally, conclusion is presented in Section VIII. 
II. MODELING
This section presents a simplified average model of the MMC. The most important assumptions made in the development of the model are: 1) compensated modulation [5] is used, 2) average energies of upper and lower arms are balanced, and 3) effect of ripples in the average energy can be neglected. First, the concept of compensated modulation will be discussed followed by the dynamic equations describing the MMC.
A. Compensated Modulation
Modulation, in this context, refers to the way the insertion indexes, n u and n l , are calculated given the respective inserted voltage references v * u and v * l (1) .
where v * dc is the dc link voltage reference, v * s is the ac voltage reference, and v * c is common mode voltage reference. Direct modulation is the simplest modulation techniques where it is assumed that the arm voltage is ripple-free and equal to the dc link. Thus, the reference voltages are divided by v dc as shown in (2) .
The corresponding inserted voltages are given by (3) .
where v cu and v cl are the upper and lower arm voltages, respectively. Since the arm voltages contain dominant first and second harmonic ripples, the inserted voltages will also contain harmonic components resulting in circulating currents. In order to avoid this, the references are divided by the respective arm voltages which cancel out from the inserted voltage as shown in (4) . This is the concept behind compensated modulation [5] . The main implication is that the harmonic content in the inserted voltages comes only from the references. This means that undesired circulating current can be avoided without the need for an additional controller.
The arm voltages are needed to implement compensated modulation. It was discussed [6] that the use of measured arm voltages is not effective because of measurement distortion and the loss of open sloop stability of the arm voltage. The open-loop approach, which uses estimated arm voltages, has been shown to have better stability properties [7] . The work in this paper uses compensated modulation with an improved arm voltage estimation technique which includes a closed loop control of the average energy [8] .
III. DYNAMIC EQUATIONS
Before the dynamic equations can be presented, some basic definitions will be given. All equations are in per-unit with the base values given in the Appendix. The upper and lower arm voltages are decomposed into common mode, v c , and differential components, v s , as shown in (5) .
The same decomposition can be applied to the upper and lower arm currents resulting in i c and i s as given by (7) .
The differential components correspond to the ac side quantities. After applying this decomposition, the differential equation describing a simplified arm energy dynamics is given in Eq. (9) .
where w is the average arm energy, c p is the per-unit arm equivalent capacitance, and i c is the circulating current. v and i sdq are the ac voltage reference and the ac current in dq domain, respectively. Eq. (9) shows that there will be a change in energy only when there is imbalance between the ac and dc side powers. The circulating current, i c , plays a vital role in achieving power balance. Dynamics of i c is captured by Eq. (10) .
where l dc and r dc are the arm inductance and resistance in per-unit to the dc base values. The dc link voltage is governed by the differential equation given in Eq. (11) .
where i dc is the dc line current and c dc is the equivalent dc side capacitance in per-unit. Finally, the ac current dynamics is given by Eq. (12) where ω is the fundamental frequency in rad/s and v gdq is the grid voltage in dq domain. l ac and r ac are equivalent ac side inductance and resistance in per-unit.
The sign conventions and additional variable definitions are shown in Fig. 1 The next section discusses the control structure used in this paper.
IV. CONTROL STRUCTURE Fig. 2 depicts block diagram of the controllers used in this paper. Only the control loops affecting active power are shown in the figure. Active power is controlled through the d-axis current, i sd . Similarly, the average energy is controlled using the circulating current, i c . The two control loops are coupled by the ac power. All the controllers in Fig. 2 are tuned using modulus and symmetric optimum techniques [9] . From  Fig. 2 , it can be observed that a change in ac power causes the energy to deviate. This triggers the energy controller to respond by adjusting i * c which in turn affects the dc power, P dc . Therefore, deviations in ac power will eventually appear in the dc power. If the converter is providing POD, it has to inject oscillating power into the ac grid when the oscillation mode is excited. This oscillation will be exported to the dc side because of the action of the energy controller. Since the MMC is equipped with energy storage, it can provide the oscillating power from the capacitors keeping the dc side ideally unaffected. This is achieved by employing the auxiliary energy controller presented in the next section.
V. PROPOSED AUXILIARY ENERGY CONTROLLER
The main function of the auxiliary controller is to inform the energy controller (C w in Fig. 2 ) not to balance the oscillating part of the ac power (ΔP ac ) with the dc power. This is achieved by removing the contribution of ΔP ac from the energy feedback signal (W m ). In such a way, C w does not see the oscillation and hence will not export it to the dc side. Fig. 2 shows a functional block diagram of the auxiliary energy controller. The POD block is responsible for calculating the oscillating power (ΔP * ac ) injected in to the ac grid when the electromechanical mode is excited. H 1 and H 2 are the equivalent transfer functions from P * ac to P ac and from P ac to W m , respectively. The term equivalent is used to indicate that these transfer functions represent the gain and phase responses of the complete transfer functions at the oscillation frequency in the form of gain and leadlag blocks. Such an implementation assumes that the system parameters are accurately known and there is only one mode of oscillation. These assumptions are made to simplify the initial implementation. If the parameters are not accurately known, the gains and phase angles can be tuned by performing tests before the converter is commissioned. The effect of parameter errors will be shown by simulation in Section VII. One important requirement for this control scheme to work is the availability of excess stored energy so that the POD does not disturb normal operation. This aspect will be discusses in the next section.
VI. ENERGY STORAGE REQUIREMENT
Calculation of the extra energy storage required to implement the proposed scheme will be presented in this section. First, derivation of the basic equations will be presented followed by potential options to obtain the required additional storage. Active power imbalance, Δp, and energy deviation, Δw, are related by (13).
which is obtained by integrating (9) . Fig. 3 shows how the power injected by POD typically looks. The resulting energy deviation, as given by (13), is the area under the curve. It is assumed that the oscillation mode, on which the POD is applied, is stable. This implies that the area under subsequent half-cycles diminishes with time. Therefore, the worst case energy deviation is caused by the first swing which is indicated by the gray area in Fig. 3 . The maximum energy deviation, Δw max , can be computed using (14).
wherep is peak value of the oscillation. Eq. (14) overestimates the deviation since it ignores the effect of damping. This is justified because the damping is not constant and the intention is to consider the worst possible case which is when the damping is 0. The corresponding deviation in arm voltage, Δv max , can be computed, from the fact that w = v 2 , using (15).
where v is the nominal arm voltage. Having defined the maximum voltage deviation, the requirement for the extra energy storage can now be defined. The main constraint is that the arm voltages have to be more than the ac peak voltage (assuming sinusoidal modulation) in order to avoid over-modulation. Δv can be positive or negative depending on the sign of POD power injection. When Δv is negative, there is a risk of over-modulation. A positive Δv, on the other hand, can result in over-voltage in the SMs. Therefore, the arm voltage should satisfy the constraint in (16).
wherev ac is the maximum ac peak voltage in pu and V rated is the sum of rated voltages of the SMs. From (16), it can be seen that the arm voltage has to be greater than 1.0 pu, sincev ac is typically close to 1.0 pu, in order to provide the proposed service. This can be achieved by increasing either the number of SMs, N , or the SM voltage, V SM . The relation between these quantities and the stored energy, W in joules, is given in (17).
where C SM is the Sub-Module capacitance. Increasing C SM is not considered because it only helps in reducing Δv max but not to increase v. The two options will be discussed in the following sections. 
A. Increasing the Number of Sub-Modules
The effect of introducing additional SMs will be investigated by replacing N by (1 + α) N in (17). Where α is a number between 0 and 1. The additional energy due to α, ΔW α , is given by (18).
where W is the nominal energy calculated using (17). The maximum available POD power can be calculated by combining (18) with (14) as shown in (19).
where ΔW max = W b · Δw max is the maximum energy deviation in joules. The factor 6 is included because the ac power oscillation is assumed to be shared equally by the 6 arms.P max is calculated for combinations of ω osc and α using the parameters in Table I . The result is shown in Fig. 4 . It can be seen that the maximum available POD power is very limited at low frequencies. The amount of extra storage gained is linearly proportional to α. This option can be more attractive because there will usually be some extra modules added for redundancy. These modules can be utilized for the POD service.
B. Increasing the Rated Voltage of Sub-Modules
In this section an increase in SM voltage from V SM to (1 + β)V SM is considered. Where β is a number between 0 and 1. By following a similar approach to the previous section, the maximum POD power can be calculated as shown in (20). A plot ofP max for different values of β is depicted in Fig. 5 .
It can be observed that more POD power can be obtained by increasing β compared to α. However, this option will likely be more expensive since it requires upgrade of all SMs. The optimal solution, which is a combination of the two options, is a result of an optimization problem which is beyond the scope of this paper. A value of β = 0.15 which is equivalent to α = 0.32 is assumed for simulation in the next section. It should be noted that the maximum POD power discussed in this section is the maximum that can be provided without disturbing the dc side. The converter can still provide more POD power at the cost dc side oscillation. In such cases, output of the Auxiliary controller should be limited to Δw max defined in this section. Two options for limiting the output will be compared by simulation in the next section.
VII. SIMULATION RESULTS
Simulation results showing effectiveness of the proposed auxiliary controller are presented in this section. The simulation model is based on the four terminal test grid proposed in [10] , (Fig. 6) . The model is implemented in SIMULINK with the parameters shown in Table I . Effect of the POD block is emulated by injecting oscillating power of magnitude 0.06 pu and damping of ζ ≈ 5% at t = 7 sec in to that ac grid connected to Converter 3, (Fig. 6) . Each terminal is droop controlled with a voltage droop of 5%. The cables are modeled Fig. 6 . Test grid used for simulation [10] Effect of parameter inaccuracies using the frequency dependent model proposed in [11] . All converters are MMCs which are modeled using average arm capacitor dynamics [12] . Six test cases described in Table II will be used to test the proposed scheme.
The results are displayed in Figs. 7 to 13. From the base case (Fig. 7) , it can be seen that the system exhibits a stable operation under normal conditions. All the reference signals are rate-limited by using first order low pass filters. The difference between the ac and dc powers in Fig. 7b is because of losses in the converter. With the emulated POD power injected from converter 3 (Fig. 8) , the dc voltages exhibit oscillations as shown in Fig. 9a . When the auxiliary controller is enabled, the POD power is diverted into the arm capacitors instead of the dc side as is evident from Fig. 8b . Doing so, the controller can effectively remove the oscillation from the dc side, (Fig. 9b) .
Because of the power taken from the capacitors, the average stored energy exhibits oscillatory response, (Fig. 10a) . This confirms that the oscillation is supplied from the arm capacitors instead of the dc side. The worst case deviation in energy is computed using (14) to be ≈ 0.25 while the value read from Fig. 10a is ≈ 0.15. The difference is because the effect of damping which was neglected in (14). Fig. 10b shows impact of the POD action on the stored energy of converter 2 where it is clearly visible that the converter does not see the oscillation when the proposed controller is active. In order to investigate the correlation between energy deviation and oscillation frequency, POD at different frequencies was also simulated. Fig. 11a shows stored energy of the POD terminal with the auxiliary controller enabled. It can be clearly seen that the deviation grows with decrease in frequency. This is in-line with the discussion in Section VI and (14). The corresponding power injections are depicted in Fig. 11b where it can be seen that the magnitudes are the same in all the cases. The auxiliary controller block output is limited to ≈ ±0.32 pu which is equivalent to ±0.15 pu limit on the arm voltage. They are chosen to keep the arm energy above 1.0 pu in all cases. Fig. 12 shows how the system responds when the energy deviation is larger than the limits. It can be seen that the simple limiter (which is a simple clamping limiter) is able to keep the energy deviation within the specified limits. However, the dc voltage (Fig. 12b ) exhibits a larger magnitude distortion during the period when the output is limited. The second option to limit the output is to reduce gain of the auxiliary controller which in effect reduces the amount of power diverted into the capacitors. This results in a smoother limit but at the cost of more oscillation in the dc voltage, (Fig. 12b) . Combining the two approaches, dynamic adjustment of the gain with simple limiter on the output can give better results. Finally, the effect of parameter inaccuracies is studied. Parameter errors result in either gain or phase error in the oscillation. Effect of phase angle error is depicted in Fig. 13 . The effect of gain error is similar to the gain reduction case in Fig. 12 . The main consequence is that some of the oscillating power is taken from the dc side resulting in dc voltage oscillation, Fig. 13b . This implies that scheme can work well even with significant parameters errors. Further improvement can be gained by tuning the parameters from test results.
VIII. CONCLUSION
This paper proposes a control scheme to minimize the impact of POD action on the dc side of an MMC converter station. This is achieved by diverting the oscillating component of the ac power into the arm capacitors. Simulation results show that the scheme is promising. The benefits come at the cost of increased energy storage requirement. The extra energy storage requirement and potential options to achieve this have been discussed in this paper. Increasing the number of modules or the rated voltage of each module can be used to get the extra storage. A combination of the two should be used to get optimal solution. It was found that the amount of required storage increases at low frequencies. In cases when enough storage is not available, partial cancellation of the oscillation can be done with the help of output limiters. Output limits play a vital role in the performance of the scheme. Simple limiter and gain reduction were evaluated. Dynamic gain adjustment can give better results. The scheme can also be extended to support multiple oscillation frequencies.
APPENDIX
The base values used for per-unit calculations are depicted in (21). 
